Summary Dietary soy protein isolate (SPI) and its undigested high molecular fraction (HMF) exhaustively digested with proteases, compared with casein (CAS), significantly reduced serum and liver cholesterol concentration in rats. Biliary excretion of cholesterol was significantly higher in rats fed SPI and HMF than in those fed CAS. Hepatic expression of ATP-binding cassette transporter G5 (ABCG5) and ATP-binding cassette transporter G8 (ABCG8) mRNA was significantly higher in rats fed SPI and HMF than in those fed CAS. These observations suggest that increased biliary excretion of cholesterol in SPI and HMF groups is caused by the enhanced expression of Abcg5/Abcg8. Key Words ATP-binding cassette transporter G5, ATP-binding cassette transporter G8, bile, cholesterol, soy protein isolate ATP-binding cassette transporter G5 (ABCG5) and ATP-binding cassette transporter G8 (ABCG8) are mainly expressed in the liver and the intestine ( 1 ). It has been suggested that ABCG5 and ABCG8 have a function to excrete sterols from intestinal cells to the intestinal lumen and from the liver to the bile ( 1 ). Although functions of ABCG5 and ABCG8 on sterol excretion gradually become apparent, the contribution of ABCG5 and ABCG8 to cholesterol metabolism in the whole body is not fully understood and scarcely any information on regulation of ABCG5 and ABCG8 expression by dietary components has been obtained.
ATP-binding cassette transporter G5 (ABCG5) and ATP-binding cassette transporter G8 (ABCG8) are mainly expressed in the liver and the intestine ( 1 ) . It has been suggested that ABCG5 and ABCG8 have a function to excrete sterols from intestinal cells to the intestinal lumen and from the liver to the bile ( 1 ) . Although functions of ABCG5 and ABCG8 on sterol excretion gradually become apparent, the contribution of ABCG5 and ABCG8 to cholesterol metabolism in the whole body is not fully understood and scarcely any information on regulation of ABCG5 and ABCG8 expression by dietary components has been obtained.
It has been reported that dietary soy protein isolate (SPI) and its undigested high molecular fraction (HMF) lower serum cholesterol concentration in experimental animals ( 2 -4 ) . One of the mechanisms of hypocholesterolemic effects of SPI and HMF is an increase in fecal bile acid excretion ( 3 , 4 ) . The increased excretion of bile acids can be caused by their binding with SPI and HMF ( 3 , 4 ) . Fecal excretion of neutral steroids originated from cholesterol was also increased by the feeding of SPI and HMF in rats fed a high-cholesterol diet ( 3 -5 ) . It has been thought that increased excretion of cholesterol and the metabolite coprostanol is caused by reduced availability of bile acids for the bile salt micelle in the intestinal lumen and therefore by reduced solubility of cholesterol in the micelle ( 3 , 4 , 6 ) . Although increased fecal excretion of cholesterol and coprostanol can be caused by increased expressions of ABCG5 and ABCG8 in the liver and the intestine, no information is available about whether SPI and HMF influence expressions and functions of ABCG5 and ABCG8 in the liver and the intestine. In the present study, we examined effects of SPI and HMF on cholesterol metabolism in relation to mRNA expressions of ABCG5 and ABCG8 in the liver and the intestine of rats.
MATERIALS AND METHODS
Materials. SPI (Fujipro-F) was kindly provided by Fuji Oil Co., Osaka Japan. HMF was prepared according to the method reported by Sugano et al. ( 3 ) .
Methods . In Exps. 1 and 2, male Wistar rats (3 wk old, Kyudo, Saga, Japan) were housed individually in an air-conditioned room (21-24˚C, lights on 08:00-20:00) and they were allowed free access to a commercial chow for 5 d. Then, rats were divided into three groups. The composition of the experimental diets is shown in Table 1 . Nitrogen content from each protein was adjusted to the same among the diets. Rats were fed one of the experimental diets for 3 wk ad libitum in Exps. 1 and 2. In Exp. 1, feces were collected for 48 h at the end of the feeding period. In the morning of the last day of the feeding, rats were killed by withdrawing blood from the abdominal aorta without starvation E-mail: iikeda@biochem.tohoku.ac.jp under diethyl ether anesthesia. The liver and small intestine were excised. The intestine was divided into two equal parts, the jejunum and ileum, and the mucosa was scraped. In Exp. 2, the bile duct was cannulated in the morning of the last day of feeding under diethyl ether anesthesia and right after the cannulation, the bile was collected for 1 h.
All animal studies were carried out under the guidelines for animal experiments of the Faculty of Agriculture, Graduate School of Kyushu University (Exp. 1) and of the Graduate School of Agricultural Science, Tohoku University (Exp. 2).
Lipid analyses . Serum total cholesterol concentration was determined by using an enzyme assay kit, Cholesterol C test Wako (Wako Pure Chemical Industries, Ltd., Osaka, Japan). Serum lipoproteins other than high density lipoproteins (HDL) were precipitated by using a solution containing 1% dextran sulfate sodium salt and 7.11% magnesium chloride hexahydrate. After centrifugation and filtration, a clear supernatant containing HDL was obtained and then HDL-cholesterol was measured with Cholesterol C test Wako. Total lipids in the liver and bile were extracted and purified by the procedure of Folch et al. ( 7 ) . The concentration of hepatic cholesterol was determined chemically as described previously ( 8 ) . After saponification of biliary lipids, unsaponifiable substances collected were derivatized to trimethylsilylether and were quantified by gaschromatography using SUPELCO SPB-1 column and 5 ␣ -cholestane as an internal standard. Biliary phospholipid concentration was determined chemically ( 9 ) . Total bile acid concentration in bile was determined enzymatically ( 10 ). After freeze-drying of feces, neutral and acidic steroids were extracted with hot ethanol and were subjected to analysis by gas-chromatography as described previously ( 11 ) .
Analysis of mRNA expression . Total RNA was extracted from 1 g of liver and intestinal mucosa, using guanidium thiocyanate/cecium chloride ultracentrifugation as described by Sato et al. ( 12 ) .
A TaqMan Results were quantified with a comparative method and were expressed as a relative value after normalization to the 18S RNA expression. Statistical analysis . All data were expressed as means Ϯ SE. The Fisher PLSD test was used and p values less than 0.05 were considered significant.
RESULTS

Exp. 1
There were no significant differences in food intake and body weight gain among the CAS, SPI and HMF groups (data not shown). Liver weight was 4.59 Ϯ 0.09 g/100 g body weight in the CAS group, 4.93 Ϯ 0.16 g/100 g body weight in the SPI group, and 4.44 Ϯ 0.10 g/100 g body weight in the HMF group. A significant difference was observed between the SPI and HMF groups. Since hepatic hypertrophy in SPI feeding was not necessarily observed in previous studies ( 3 -5 ) , the cause is not exactly known at present.
The concentration of serum total cholesterol was significantly lower in the SPI and HMF groups than in the CAS group (Table 2 ). The concentration of HDL-cholesterol tended to be lower in the SPI and HMF groups than in the CAS group and the difference between SPI and CAS groups was significant. The concentration of hepatic cholesterol was significantly lower in the SPI and HMF groups than in the CAS group (Table 2) . Fecal excretion of neutral steroids was almost the same between the CAS and SPI groups and it was significantly lower in the HMF group than in the CAS group (Table 3) . Fecal excretion of acidic steroids was significantly higher in the SPI and HMF groups than in the CAS group and HMF was more effective at increasing acidic steroid excretion than SPI.
Expression of various genes related to lipid metabolism in the liver is shown in Table 4 . Expressions of ABCG5 and ABCG8 mRNA were significantly higher in the SPI and HMF groups than in the CAS group. Expression of CYP7A1 was significantly higher in the HMF group and tended to be higher in the SPI group than in the CAS group. Expression of FAS and SHP was significantly lower in the SPI and HMF groups than in the CAS group. There were no significant differences in expression of ABCA1, LXR ␣ , SREBP-1, or LRH1 among the three groups. We also measured mRNA expression of ABCA1, ABCG5, ABCG8, and NPC1L1 in the proximal and distal intestines. There were no significant differences in any of the genes among the three groups (data not shown).
Exp. 2
There were no significant differences in food intake or body weight gain among the CAS, SPI and HMF groups (data not shown). Bile flow rates were almost the same among the three groups ( Table 5 ). The amounts of cholesterol and phospholipids were significantly higher in the SPI and HMF groups than in the CAS group. No significant difference was observed in the amount of bile acids among the three groups.
DISCUSSION
Yu et al. showed that in ABCG5-and ABCG8-deficient mice, secretion of biliary cholesterol was extremely low compared with wild-type mice ( 13 ) . The observation means that ABCG5 and ABCG8 expressed in the liver have a crucial role in the excretion of cholesterol from the liver to the bile. The present study showed for the first time that dietary SPI and HMF, compared with CAS, significantly increased mRNA expressions of ABCG5 and ABCG8 in the liver, but not in the intestine in Exp. 1 ( Table 4 ). The feeding of SPI and HMF stimulated biliary excretion of cholesterol in Exp. 2 (Table 5 ). Our observations strongly suggest a possibility that stimulated excretion of biliary cholesterol by the feeding of SPI and HMF is caused by increased expression of hepatic ABCG5 and ABCG8 in SPI and HMF groups.
Biliary cholesterol secretion was 39 and 37 g/h higher in the SPI and HMF groups, respectively, than in the CAS group (Table 5 ). This means that around 900 g/d higher cholesterol as excreted to the bile in the former two groups. This can be a cause of the reduction of hepatic cholesterol in the SPI and HMF groups. If intestinal absorption of cholesterol is estimated to be 50%, 450 g higher cholesterol can be excreted to the feces in the SPI and HMF groups compared with the CAS group. Since fecal excretion of neutral steroids was around 5 mg/d (Table 3) , a 10% increase of fecal neutral steroid excretion should be obtained in the SPI and HMF groups, compared with the CAS group. Nagata et al. observed that dietary SPI, in comparison with CAS, increased fecal neutral steroid excretion in rats fed a cholesterol-free diet ( 5 ). They also observed that when radiolabeled cholesterol was intravenously administered in rats fed a cholesterol-free diet containing SPI or CAS, fecal excretion of the radioactivity as both neutral and acidic steroids was increased in the SPI feeding ( 14 ) . The results suggest that biliary and fecal excretion of endogenous cholesterol is increased in the feeding of SPI. However, no increased excretion of fecal neutral steroid was observed in the SPI or HMF group in the present study (Table 3) . Although the cause cannot be explained at present, our results suggest that SPI potentially accelerates biliary cholesterol excretion. However, the amount does not necessarily make a large contribution to fecal cholesterol excretion, at least under these experimental conditions. Therefore, it is not clear whether increased excretion of biliary cholesterol in the feeding of SPI and HMF has an important implication for the overall cholesterol pool in the body. There is a possibility that an increase in biliary cholesterol secretion reduces hepatic cholesterol and induces incorporation of LDL-cholesterol from the bloodstream to the liver and therefore, contributes to the reduction of serum cholesterol concentration. It has been reported that ABCG5 and ABCG8 are target genes of LXR␣, a nuclear receptor (15) . The binding of oxygenated sterols to LXR␣ is expected to activate mRNA expressions of various enzymes and transporters, such as SREBP-1, FAS, CYP7A1 and ABCA1 (16) . Therefore, we measured mRNA expressions of these proteins in the liver. Although CYP7A1 mRNA expression tended to be higher in the SPI and HMF groups, FAS mRNA expression was significantly suppressed in the SPI and HMF groups (Table 4 ). ABCA1 mRNA expression was not changed in the feeding of SPI or HMF. It has been reported that gene expression of SREBP-1 and FAS was lower, but that of CYP7A1 was higher in the feeding of soy protein compared with that of casein (17, 18) . These observations suggest that LXR␣ is not necessarily activated in the feeding of SPI and HMF and therefore, increased expression of hepatic ABCG5 and ABCG8 in SPI and HMF groups is not caused by the activation of LXR␣.
In the present study, we observed the reduction of mRNA expression of liver SHP in the feeding of SPI and HMF (Table 4) . It has been known that mRNA expression of SHP is enhanced in response to bile acids bound to the farnesoid X receptor (FXR), which binds to the promoter of Shp (19) . Since fecal excretion of acidic steroids was increased in the feeding of SPI and HMF, it is thought that the amount of bile acids returned to the liver through the enterohepatic circulation is lower in the feeding of SPI and HMF than in the CAS feeding. Therefore, the reduction of the gene expression of SHP in the feeding of SPI and HMF can be caused by an insufficiency of hepatic bile acids. SHP interacts with LRH1 and down-regulates CYP7A1 transcription (19) . The reduction of SHP expression increases LRH1 not interacted with SHP, which can induce an increase of mRNA expression of CYP7A1. This can be a mechanism in which bile acid synthesis is induced in the case of bile acid insufficiency. In the present study, mRNA expression of CYP7A1 tended to increase in the feeding of SPI and significantly increased in the feeding of HMF (Table 4) . Increased expression of CYP7A1 mRNA in the feeding of SPI was also reported by others (17) . A recent study revealed that LRH1 activates the intergenic promoter of human ABCG5/ABCG8 (20) . It has been reported that the LRH1 binding site is conserved in the rat Abcg5/Abcg8 intergenic region (21) . These observations suggest that an increase of LRH1 not interacted with SHP is responsible for the observed increase of ABCG5 and ABCG8 mRNA expression. In contrast to the liver, we did not observe any differences in mRNA expressions of ABCG5 or ABCG8 in the intestine. Further investigation is necessary to determine why the feeding of SPI and HMF did not influence their expressions in the intestine.
If increased expression of ABCG5 and ABCG8 is induced by increased fecal excretion of bile acids, bile acid sequestrants can have the same influence on expressions of SHP, ABCG5 and ABCG8. Gupta et al. reported that feeding of cholestyramine in rats resulted in a marked repression of hepatic SHP mRNA expression (22) . In contrast, Shibata et al. did not observe a reduction of hepatic SHP mRNA in the feeding of cholestyramine in rats, although CYP7A1 expression was enhanced (23) . Since no information is available on effects of bile acid sequestrants on the expression of hepatic ABCG5 and ABCG8, more studies will be necessary on this point.
